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Abstract
These days, safety in coal mining has become an important issue. Lots of accidents and casualties occur on a
regular basis. To address this problem, all engineers and designers need to recognise that all workers and
personnel, who work in the mining industry, have a safe place to work. Hence, there is a need for stabilisation of
underground working areas, before and after excavations. The use of long tendon support elements (cable bolts)
is now common practice in modern underground coal mines, hard rock mines, tunnels, and other underground
structures. Because of characteristics of the cables’ material makeup, they contribute significantly to the overall
ground reinforcement provided by any support system. Therefore, the behaviour of cable bolts in tension and
shear plays a vital role in maintaining a safe underground environment. Numerous methods of testing and
various apparatus have been employed through four decades to understand the behaviour of cable bolts in
tension is a common method of evaluating the load transfer in shear and pull testing.
In this thesis study firstly, the behaviour of encapsulated cable bolts in the rock strata’s has been examined both
in tension and in shear concerning load transfer capacity. In the past, there were methods of pull-out tests in the
laboratory investigating the effect of various factors on the load transfer performance of cable bolts. The
performance of different types of cable bolts with a variety of diameters of both plain and indented cables, tested
in composite/concrete medium with different water to cement ratios. Minova Axially Split Embedment
Apparatus (MASEA) and The Multi Diameter Laboratory Short Encapsulation Pull Test Apparatus
(MDLSETA) were used in the study. This piece of work also included the shear testing of the same cable bolt
types using the double shear apparatus. The various factors affecting the shear performance of cable bolts were
examined along with the effects of the pretension load face property of cable bolts, the ultimate tensile capacity
and the strength of the grout. The most important objective of this part of the study was to determine the ability
of the MASEA for determining load transfer characteristics of cable bolts. In this case, although some recent
studies have been undertaken by (Thomas, 2012) and (Hagan et al., 2015) to investigate the performance of
cable bolts in pull testing, there are still some deficiencies in these methods. The weaknesses are the amount of
concrete wasted, steel tubes and a sample of rocks. The very recent study by (Aziz et al., 2016a) overcomes
these shortcomings. The use of steel as a means of confinement which is substituted for rock and comparing the
results with previously published papers has helped to validate the capability of MASEA to supply precise
results. Besides, the use of an anti-rotation steel box is effectively preventing cables from rotating during pull
testing.
Secondly, considering the performance of cable bolts under double shear tests using double shear apparatus with
and without contact between concrete block’s surfaces. A series of double shear tests were carried out on cable
bolts, currently being used in Australia, and included both plain and indented cable bolts under varied pretension
loads. The results were compared with the rectangular shape test, which is similar to this shear apparatus with
and without friction between the joint faces. From the results achieved, it was found that the surface profile of
cable bolts plays an important role in determining the load transfer capacity. This means that the indented cable
bolts attained a greater peak load compared to plain cable bolts. Also, the influence of the external and internal
confinement of the concrete medium blocks in the circular double shear box has provided consistent test results
with a minimum of lateral and axial cracks occurring in the host medium.
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With regards to the double shear box apparatus known as the MK-IV box (also known as Naj Aziz Double
Shear Box), this apparatus is a reliable tool for evaluating the shear strength of cables. It can reduce the depth of
the cracking zone, which can result in more acceptable shear failure loads. The shape of the MKIV has an
influence on the confinement and reducing axial cracks, resulting in more consistent results. This confinement
enables the shear testing of cables of stronger strength. Also, the confinement may help the test to be governed
by shear rather than tension.
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1. Chapter 1
1.1

Rationale

These days, safety in coal mining has become an important issue. Lots of accidents and casualties occur on a
regular basis. To address this problem, all engineers and designers need to recognise that all workers and
personnel, who work in the mining industry, have a safe place to work. Hence, there is a need for stabilization of
underground working areas, before and after excavations. The use of long tendon support elements (cable bolts)
is now common practice in modern underground coal mines, hard rock mines, tunnels, and other underground
structures. Because of the characteristics of the cables’ material makeup, they contribute significantly to the
overall ground reinforcement provided by any support system. Therefore, the behaviour of cable bolts in tension
and shear plays a vital role in maintaining a safe underground environment. It is vital for engineers to identify
any failure in the rock structure or any other instability and to employ appropriate methods to support the
unstable rock by deploying different cable bolts and rock bolts in an acceptable method. This method was
named; rebar technology, which is organized in two ways. One way is active support and the second way is
passive support. In most underground mines both of these methods are employed (Qian et al.). The active
reinforcement process imposes a predetermined load to the rock surface during the setting up. It can take the
form of tensioned rock cables or bolts. Passive reinforcement deals with possible risks, which are likely to
become a secondary failure. In other words, active reinforcement leads to existing pressure at the same time;
passive reinforcement is there as insurance just in case something happens. In modern mining, these two ways
are referred to as primary and secondary (Mahony et al., 2005). Active rock reinforcement is known as primary
support while passive is secondary support. Primary reinforcement support is used in conjunction with the
excavation process when loads are applied. Secondary reinforcement support is for preventing any further
displacement of rock and any injuries to workers or damage to equipment(Hartman and Hebblewhite, 2003, Li
et al., 2015). Secondary supports have been employed as cable trusses for supporting the roof in a sling like a
manner (Fabjanczyk and Tarrant, 1988 and O’Grady and Fuller, 1992).

1.2

Aim

The aim of this research is to gain better understanding the load transfer capacity of various cable bolts under
different test conditions by pull and shear test conditions.

1.3

Objectives:
1.

Determine the impact of various types of cable bolts with different properties and different profiles
concerning to the shear strength of the fully grouted cable in the rock.

2.

Determine how the water cement ratio and the embedment length can impact on the final pull out loads
in different cable bolts.

3.

Examining how the profile of cables affects the ultimate loads by using the MASEA apparatus.

4.

Determining the applicability of MASEA (Minova Axially Split Embedment Apparatus) for testing in
the pull out method.
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1.4

Thesis outline:

Chapter 1 provides background related to the topic, objectives and aims are included.
Chapter 2 includes a literature review on the history of cable bolts, and information about cable bolt studies
relating to the behaviour of cable bolts about to pull testing and double shear testing.
Chapter 3 discusses the methods of evaluating the strength properties of grouts through determination of the
Uniaxial Compressive Strength (UCS) of grout cubes and other relevant parameters used in the pull out tests and
shear testing of cable
Chapter 4 Provided information and details about the MASEA apparatus, the process of sample preparation and
the testing of different types of cable along with results and further discussion.
Chapter 5, Discusses the shear behaviour of fully grouted pre-tensioned cable bolts tested with the (MKIV)
machine (double shearing) and the methodology, test preparation and experimental plans for different types of
cables acting under shear load by using MKIV box. Moreover, the effect of pretension and the reason for
abnormal failure in the shear process have been discussed.
Chapter 6 devoted to the conclusion and review of the final thesis study results and recommendations for further
studies.
Chapter 7 provides references.
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2 Chapter 2
Literature Review OF How Cable Bolts Act and Their Functioning
2.1

Introduction

This chapter will provide a wide description of cable bolts and the benefits of cable bolts in the mining and civil
industry. The use of cable bolts as means of reinforcing rock in civil and mining operations plays an important
role in providing a safe workplace and the stabilisation of rock strata during excavation and tunnelling leads to
roof stability and less rock masses failures and the dropping of rock into the tunnel. Hence, the need to
maximize the efficiency of the system is raised, leading to an immense number of laboratory tests and a number
of experimental works to understanding the load transfer characteristics in cable bolts. The fully grouting of
different cable bolts has been adopted in Australia and the performances of these have been investigated in
different situations including axial and shear loading conditions. The fundamental use of cable bolts is to
support the rock mass(Windsor, 1992). The severity and enhancement of underground excavations and top
slopes is the most important issue for engineers due to the consequence of rock failure. The whole systems,
elements, and situations affiliated with unsteadiness must be distinctly understood and as a result reinforcement
of the structure may be employed. Stabilising rock mass using bolts has been practiced for a century(Snyder,
1983). It is widely believed that rock mass movement cannot be avoided during excavation. Normally, this kind
of movement occurs at free faces of new excavations when there is no restraint. These movements may cause
material failure(Thompson et al., 2012). The presence of fully grouted cable bolts occurred in the 1960s, where
cable bolts were placed for permanent and impermanent support purposes because of their advantages in
enhancing the firmness and strength of rock masses(Chen et al., 2016). Use of cable bolts are common in both
civil and mining structures; For instance, for supporting tunnels and rock slopes, dams (Ur-Rahman et al.,
2015).Various types of rock bolting have been used from the 19th century onward; a wooden bolt was used in
coal mines in 1918 in Germany to support small pieces of rock falling between the exterior and the main support
system. Because of the way rock bolts and rock mass behaviour interaction being understood 19th century
without their complicated interaction, were not implied, as they are being used these days (Lang et al., 1979).
Cable bolts see more than a hundred million roof bolts installed per year in the United States. Around 1.31
million 15 mm diameter cable bolts and more than 25,000 18 mm vertical cable bolts were used and sold in the
United States in 2016 (Tadolini et al., 2012, Maleki, 1992). In Australia, there are no reliable statistics on
bolting usage but the best guess is that the solid rock bolt annual usage is in the order about 5.5 million and
cable bolts just about 0.6 million units.

2.2

Background of cable bolts

The use of cable bolts in the mining and civil engineering goes back 60 years. Cable bolts provide a safe
environment in work place, helping to increase the stability of rock mass, ability to react in different
circumstances due to steel wire configurations and provide general strata reinforcement in the neighbourhood of
long wall in either mining or civil engineering excavations. Cable bolts are also being used for prereinforcement of capacious underground spans long-term in mining and civil engineering projects. This can help
in reducing the size of supports, which are used during excavation. In surface excavation, cable bolting has
resulted in strong and secure slopes in civil engineering. Cable bolts are categorized as:
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Wire: single, solid section element



Strand: set of helically spun wires



Cable: a complex of strands or wires

The very first use of cable bolts in mining goes back to the Willroy mine in Canada (Marshall, 1963). The basic
idea saw pre-stressing wires employed in long and adjustable lengths to accommodate sufficient and deep
anchorage in the rock mass (Windsor, 1992).
Seven high tensile and pre-stressed 7 mm diameter wires with smooth faces were the earliest type of prestressing wire. These were also assembled with a plastic spacer. Although, the use of plain strand cable became
common in one juncture of time, after some years because of the poor properties of this kind of wire in
transferring load due to its smooth and plain profile its popularity reduced. As time went on, they were replaced
by a 7-wire pre-stressing strand. From 1974 to 1992 a number of alterations occurred. In 1974, multi-wire
tendon (Clifford, 1974), Birdcage Multi wire tendon (Jirovec 1979), single strand (Hunt &Askew, 1977), coated
single strand (Dorsten, 1984), barrel and wedged anchor on strand (Matthews, 1983), bulbed strand (Gardford,
1990), Ferruled strand (Windsdor, 1990). The recent types are; Nutcaged strand, indented strand, and Spiral
strand. The cable bolts are being used in Australia are shown in the Figure 2-1. This Figure contains the
information about modifications been made on structure and shape of cable bolts to improve load transferring in
cable bolts.

Figure 2-1: Development of cable bolts (Windsor, 1992)
13

2.3

Mechanism of cable bolts

Cable bolts mainly are made from multiple wires the basic component includes of single strand that is inflexible
and fixed with cement grout in the borehole for the whole length. Grout will be pumped after embedding
elements into the borehole. The alternative way is that the grout is pumped into the borehole with the strand and
then being cast into the grout. When the number of strands is increased in the cable bolt, a spacer may be
required to divide the elements. Another job of the spacer is to keep strands away from the borehole wall. Both
methods are being employed to provide better encapsulation of the strand. Smooth steel wires without any
internal structures made up the very first cables used. Because of the poor load transfer capacities of these
poorly performing plain wires , they are modified with the introduction surface, spacers were being used
providing a better arrangement and load transference properties (Jirovec, 1978).
Strand and plain cable bolts are the fundamental types of cable bolts, which have been used in industry for
years. However, new types and models have been introduced to the market in the past 2 decades. Tables 2-1, 22, 2-3 show the different types of bolts along with their attributes, currently being in use in Australia.

Table 2-1: Different types of cable bolts in Australia (Jennmar, 2016, Megabolt, 2016 and
Minova, 2015)
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Table 2-2: Different types of cable bolts in Australia (Jennmar, 2016, Megabolt, 2016 and
Minova, 2015)

Table 2-3: Different types of cable bolts in Australia (Jennmar, 2016, Megabolt, 2016 and
Minova, 2015)
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2.4

The effects of axial loads on cable bolts

Axial loading tests can be conducted either in the field or in the laboratory using two methods. During the past
several years, different methods of testing cable bolts have been developed to study the load transfer capacity of
cable bolts with different parameters. Testing has been conducted both in the field and in the laboratory. There
is two types of tests, the first type is where one end of the cable bolt is kept in the grout within the pipe and the
other end remains free for the pulling test. The free end can easily rotate (Kaiser et al., 1992). In the second type
of testing both ends are kept in the grout. This second type of testing is referred to as a non-rotating method.
(Vil1aescusa et al., 1992). There are many variables involved in the axial pull-testing of the fully grouted cable
bolts including material and type of cable bolt, grout quality, the dimension of the borehole, the amount of
pulling force and the length of embedment (Moosavi et al., 2002, Hyett and Bawden, 1996).

Figure 2-2: Differentiation between rotating and non-rotating pull test(Chen et al., 2016,
Bawden et al., 1992)
The most common forms of failure in cable bolts are failure at the cable-grout interface. This is due to the lack
of enough resistance between cable and grout, and unavailability of quality control during the installation time
(Rajaie, 1993, Hyett and Bawden, 1996, Hutchinson and Diederichs, 1996, Jeremic and Delaire, 1983). The
following factors dominate axial pull testing: the profile and type of cable bolt, the rate of pulling, load and
displacement during the test, borehole diameter, the length of embedment, and grout properties. However, it is
difficult to predict what kind of failure will occur under joint rock mass. It is stated by (Potvin et al., 1988) that
most failure occurs within the cable rather than at the cable/grout and grout/rock interface. Figure 2-3 shows the
type of failures normally occurring in cable bolts.
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Figure 2-3: modes of failure in load transfer in cable bolts(Thomas, 2012)
(Thompson and Windsor, 1995) carried out a study to investigate the effect of pretension load on the load
transfer capacity of cable bolts subjected to axial load. The following outcomes were concluded; increasing the
shear strength of the system and reducing the distances between gaps. On the other hand, the pretension load
does not affect the internal stiffness.
(Mirabile et al., 2010) continued the study of (Thompson and Windsor, 1995) with different pretension loads,
and the use of a barrel and wedge at the end of each cable bolt. The effects of pre-tension load on the ultimate
deflection at the point of failure of cable bolt were investigated. They applied load continuously until the cable
bolt reached its elastic stage. As can be seen in Figure 2-4 there was no influence on the overall load transfer in
the tested cable bolts.
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Figure 2-4: Effect of pretension loads (Mirabile et al., 2010)

2.5

Rotationally constrained pull/push test
Four different methods used for rationally constrained pull tests are:

2.5.1



Push test/Split-Pipe pull



Modified split-pipe pull/push test using Hoek cell



Double embedment pull test (DEPT)



Laboratory Short Encapsulation Pull Test(LSEPT)

Push test/Split-pipe pull

Cox and Fuller (1977) conducted the first push testing in the mid-1970. They investigated the performance of
cable bolts with respect to load transfer. In the test, the confinement of the grouting around the cable bolt was
provided by steel split pipes. The apparatus was able to keep the cable from rotating, but the level of the
confining pressure contributed by the steel tube was higher than the level of rock mass in-situ.
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Figure 2-5: Split-pull test apparatus(Fuller and Cox, 1975)
(Cox and Fuller, 1977) continued their studies into the effect of the indentation upon the transferring of loads in
cable bolts. It was found that the indentation has a major impact on the load transfer in mild-finished wires.
Hence it was suggested that partially rusted indented cable bolts be used. Finally, they found that the high
strength of grout has a significant impact on the load transfer capacity.
Goris (1996) studied how the constant radial stiffness boundary of the cable/grout interface can affect the axial
performance of cable bolts. The study was similar to the single embedment pull test but, in this test, the other leg
of the cable was rotating which lead to stopping the sample from being exposed to a constant radial stress
environment. Results were: Firstly, there was a linear relationship between the bearing capacity and embedment
length, which means by increasing the embedment length from 203 mm to 812 mm, the bearing capacity
increased as well. Secondly, by using the double cables, the bearing capacity increased with high temperatures
and low water-cement ratios as well as with sand cement grouts instead of cement grouts. Finally, there was no
report from the effects of using breather tube size, which was filled with grout.
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Figure 2-6: pull test apparatus(Goris et al., 1996)
The performance of axial load and confinement which produces a greater load transfer capacity was based on an
(Reichert, 1991) investigation. He evolved the (Fuller and Cox, 1975) method by changing the pulling force to
push out the grout column and pipe from the cable Figure 2-7. Results showed that the more radial confinement
in the test led to a higher load transfer capacity. Also, (Littlejohn, 1993) categorized different types of axial
failures by employing one or more of the methods of grouting including; grout the bolt, the rock, the bolt/grout
or grout/rock interface. In each case, the failure type completely depends on the characteristic of separate
elements. Moreover, by changing the water-cement ratio in the grout achieved a stiffer grout, thus increasing
cable bolt capacity by up to 25%.

Figure 2-7: Pushing machine for cable bolts(Reichert, 1991)
20

(Bawden et al., 1992) followed the (Reichert, 1991) method. The study aimed was to compare the result of
laboratory tests with in-situ conditions. It was noticed that in-situ (Golden Giant Mine in Canada) when short
embedment had been applied, the load capacity was lower compared to the laboratory test conducted with the
same conditions. In order to simulate the in-situ condition PVC and aluminium pipes were used to provide better
environments compared to steel confinement, these materials being chosen due to their lower stiffness
characteristics. The results demonstrated that push testing is not the proper method of testing.

Figure 2-8: using PVC pipes and aluminium apparatus (Bawden et al., 1992)
2.5.2

Modified split-pipe pull/push test using Hoek cell
The idea of using constant pressure on cables came from (MacSporran, 1993). The modification was to
use metal pipes and concrete to confine the cable, which is illustrated in Figure 2-9, the Hook Cell was
modified and used to study cable bolt load transfer characteristics. Results showed there is a direct
relationship between confining pressure and load transfer capacity and an indirect relation between the
load transfer capacity and the water/ cement ratio. Although at the end of the study uncertainty
remained about the efficiency of confinement in strengthening the bond strength, This result confirmed
the finding of (Bawden et al., 1992).
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Figure 2-9: Modified Hoek Cell (MacSporran, 1993)
2.5.3 Double embedment pull test (DEPT)
Examining the load transfer capacity of the birdcage cable bolt by using double embedment pull testing
was conducted by (Hutchinson and Jensen, 1990). The methodology used in this study enabled the
researcher to investigate the effect of the length of embedment on both sides of the discontinuities.
Grout or resin was used for installing the cable into the two steel tubes. In this study, there was no
failure reported in the interface, while the length of embedment on both sides was similar. (Hutchinson
and Jensen, 1990) investigated focused on the performance of birdcage and standard cable bolts under
the pulling test. It was concluded that the birdcage has a better effect in transferring load due to it’s
cross-sectional area, therefore, increases the tendon-grout contact area.

Figure 2-10: Double embedment(Hutchinson and Diederichs, 1996)
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The methodology of Hutchins et al (1990) followed by (Renwick, 1992). He compared the efficiency of ultrastrand cable bolts including birdcage and plain. The results were not reliable and comparable, due to the
inequality of embedment length of plain and birdcage cable bolts with Ultra-strand cable.
(Thomas, 2012) studied the load transfer by using the (Hutchinson and Jensen, 1990) methodology and used the
apparatus as shown in Figure 2-11. This method was not sufficient to investigate the effects of load transfer
within cable bolts due to its inability to assessing the grout and rock interface force.

Figure 2-11: Double Embedment Pull Test setup(Thomas, 2012)
2.5.4 Minova Axially Split Embedment Apparatus
The Minova split short encapsulation rig consists of two axially split sections, the anchor and embedment
sections. To achieve this, the new non-rotating pull testing apparatus was designed by Aziz et al,(2016). A steel
sleeve inserted over the two sections prevents the cable unit from rotating when the cable is pull out thus
allowing true determination of the load transfer capacity of the tested cable. Normally the installed sections of
the cable are of two different lengths, thus enabling the cable to be pulled out from one section. The axially split
sections are butted together with eight bolts to form the central hole for cable insertion and encapsulation.
The previous tests and methods have a common shortcoming which is the wastage of concrete, sandstone and
steel tubes. (Aziz et al., 2016c) utilised the new pull test apparatus, known as Minova Axially Split Embedment
Apparatus (MASEA). The use of this apparatus was mainly to compare the performance of plain and indented
cables with regard to the cure time although; other parameters can also be tested by this apparatus. One of the
specifications, which made this device unique, is being its ability testing various profiled diameter cables.
Different types of cables were tested. The following results were obtained. Spiral cables have greater resistance
than plain ones at minimum displacement irrespective of the curing time or the water/cement ratio. In addition,
this method of testing has the ability to accelerate the number of tests with less wastage. Generally, there is a
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direct relationship between embedment length and bond resistance (strength)(Aziz et al., 2016a). Also, the
embedment of the two sides was different. The results show that the spiral wire strand cable bolts reached a
higher peak pull load compared to the smooth ones and they achieved minimum displacement as well.
Moreover, the peak load increased when the curing encapsulation was expanded. Figure 2
 -12 shows the
apparatus and Table 2-4 indicates the results which were consistent with results reported by (Thomas, 2012).

Figure 2-12: Minova Axially Split Embedment Apparatus (Aziz et al., 2016c)
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Table 2-4: Results Minova Axially Split Embedment Apparatus (Aziz et al., 2016c)

Figure 2-13: Minova Axially Split Double Embedment (Aziz et al., 2016c)

Figure 2-14: New non-rotating pull testing results (Aziz et al., 2016c)
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2.5.5 Laboratory Short Encapsulation Pull Test (LSEPT)
The DEPT method invented by (Hutchinson and Jensen, 1990) was adopted by (Clifford et al., 2001) to assess
the behaviour of grout-rock interfaces. To prevent rotation in free and un-grouted parts of the cable bolts in the
pulling test, which is an important issue (Altounyan and Clifford, 2001) introduced a new method which is
named the Laboratory Short Encapsulation Pull Test ( LSEPT) to solve the problem. It is clear in Figure 2-15.
They used the steel tube to simulate the rock mass confinement condition. This method was used to make the
situation similar to rock conditions in-situ. One end of the cable bolt was embedded into a sandstone core with
diameter of 142 mm and length of 320 mm, which is located on the opposite end to the steel piping, and from
the other side, the pressure of 10Mpa applied with constant speed on biaxial cell. The issue with this method
was the inability of the system to prevent rotation during the pulling test.

Figure 2-15: Laboratory short encapsulation pull test (Altounyan and Clifford, 2001)
Further on Thomas (2012) remodelled the previous method. A modified LSEPT apparatus was employed to test
14 cables bolts used in the Australia mining industry. In this study as shown in Figure 2-20, the diameter of
sandstone was 142mm and the strength of the cementitious grouts (UCS) ranged from 19-25 MPa. Besides,
different diameters boreholes were allocated, depending on the cable diameter used for the test. A hydraulic ram
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was employed, which applied a load for 10 kN per second. In conclusion, Thomas stated that all indented cables
reached their peak loads between 1-5 mm of displacement, Bulbed, and nut cage cables showed better efficiency
than plain cables and plain strand cables normally had lower peak elastic yield points. After a sudden drop in the
load graph would occur, before the load steadily increased to its peak its elastic point. Figure 2-16 shows the
load displacement graphs of tested cables.

Figure 2-16: Modified method of LSEPT(Thomas, 2012)
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Figure 2-17: Plain and spiral Profiles(Thomas, 2012) results.

The technique used by Thomas (2012) was improved by (Chen et al., 2014). In the ACARP project CC22010,
he introduced a new apparatus, which was able to identify the residual and maximum capacity of a fully grouted
cable bolt. Using cylindrical concrete to simulate the Rock mass and confinement pressure, the cable was
installed in the split cylinders. The aim of study initially was to extend the effects of pull-out as well as studying
sample geometry and the roughness of the borehole in the process of pull testing of wires. It was concluded that
the roughness of the borehole in the plain wires tested did not affect the result, because a failure occurred
between the cable/grout interfaces and did not relate to either the rifled borehole or the smooth surface of the
plain wires and it was affected by just debonding. On other hand, the roughness of the borehole can effect
modified cable geometries and in the smooth borehole, there was tendency to the failure at the grout/rock
interface, although it did not occur. Figure 2-18 illustrates the schematic of this apparatus.
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Figure 2-18: Schematic of (Chen et al., 2014) apparatus.
2.6

Effect of water/cement Ratio

Stheeman (1982) showed that pull out performance of plain cables improved with a decreasing water/cement
ratio. This conclusion was also found by Macsporran (1993), who evaluated the performance of plain cable bolts
using water/cement ratios varying from 0.3 to 0.5. Hyett et al, (1993) tested the performance of nutcaged cables
using water/cement ratios of 0.3, 0.4, and 0.5, and found that nutcaged cables were not influenced so greatly by
water/cement ratios, and are therefore more ideal for use in underground mines where the water/cement ratio is
not so controlled.

2.7

Effect of curing time

Hassani et al, (1990) varied the curing time of grouted cable bolts and found that the curing time had a
significant impact on the load transfer performance of cable bolts, increasing both the ultimate pull out load and
the stiffness of the cable bolt system. The curing times tested were 1 day, 3 days, 7 days, and 28 days, and the
results are shown in Figure 2-19.
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Figure 2-19: Effects of curing time on performance of plain cable bolts Hassani et al, (1990)

2.8

Double shear testing of cable bolts

The very early shear testing methods conducted using a direct shear testing machine where the samples were put
under unchanging load condition. (Ludvig, 1984, Bjurstrom, 1974) studies focused on the load transfer
mechanism of tendons. Later on (Dube, 1996) carried out some studies on the shear strength of cable bolts but
only a few tests permitted the cable to be loaded to its ultimate failure due to the failure of the different types of
grout, loading rates and medium strength. (Haile et al., 1998, Ludvig, 1984) conducted a test to find out more
about the performance of cable bolts under both static and dynamic loading by using an apparatus for double
shearing test. The following outcomes were identified: rebar had higher tensile strength and accordingly, higher
shear strength for grout came out. Also, the pre-tension circumstances can be investigated with this test; reword

Figure 2-20: Double shear test apparatus,(Haile et al., 1998)
Aziz and Craig in 2010 conducted a unique experiment to investigate the performance of cable bolts in double
shear. They conducted this study as pioneers in this area(Craig and Aziz, 2010). The method was similar to the
previous study conducted by (Aziz et al., 2003). Nevertheless, the size of the blocks and the actual scale of
apparatus made in a bigger size to examine the performance of pre-tensioned strand cable with hollow (TG)
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with diameter of 28mm under shearing load and different axial loads by employing 500-ton compression
machine until reaching the failure point of cable bolts.
The cable (TG) was developed with 9 wires by the Jennmar Company in 2007. The length of the cables tested
was 2 meters and was installed in three blocks of concrete with strength of 50Mpa and dimension of 300 x 300 x
300 𝑚𝑚3 for the corner blocks and 450 x 300 x 300𝑚𝑚3 for the middle block. To provide the rifled in the
borehole to simulate the filed condition 42mm plastic conduit was installed in the middle of the concrete mould
before pouring the concrete. Conbextra CB “hi-thix” grout was used in this experiment to grout the cable in the
borehole; grout was pumped in to the blocks through a hole constructed during the casting of block. The amount
of pretension load applied for cable bolts were 50 kN and 90 kN. The applied axial load was monitored and
recorded by load cells on each side of the corner blocks where the cable comes out from the borehole both,
during the pre-tensioning and when conducting the test.

Figure 2-21: Double shear box (Craig and Aziz, 2010)
From the result provided in both Figures 2-22 and 2-23, It was concluded by (Craig and Aziz, 2010) the cable
bolts were bending during the application of the shear load, consequently the concrete crushed at the shear face
and then shear load transferred through the concrete and cable bolt until it reached to the final and ultimate
tensile strength of wires.

Figure 2-22: Double shear test with vertical displacement and axial load produced on cable
bolt (Craig and Aziz, 2010).
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Figure 2-23: Double shear test with axial and vertical displacement on cables by employing
two loads cells with property of 75 mm displacement(Craig and Aziz, 2010).
Point A on the shear load line represents the first deformation of the hollow core tube where also the grout and
concrete start crushing as seen in the next figure, in the sheared area. Point B illustrates the effect of sudden
rupture in the strand wires, the concrete as well as the grout. All failures happened in tension and there was no
record of failure in shear except the failure in the core. There were crushes in the concrete approximately 60 mm
inside. This comes from the intrinsic concrete characteristic which is that it is more deformable and softer than
steel. Based on (Fuller et al., 1995) pre-tensioning of cables is a challenging process and it takes a lots of time
for preparation.
In 2014, the double shear machine introduced by (Craig and Aziz, 2010b ) was modified by (Aziz et al., 2014)
and named MKII for testing different cable diameters. A study was carried out to investigate the shear
performance of two different types of cable. The types were spiral strand and Hilti-Plain. The refinement done
on this machine/process included the removal of the hole located on the top of the blocks for pouring grout.
Grouting was then pumped through one leg of the cable to another leg, exactly the same as the grouting process
in situ.
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Figure 2-24: Schematic of MKII after installation of cable in the blocks (Aziz et al., 2014)
The tests carried out were on two cables with diameters of 22 mm and with tensile strengths of 60 ton (Hilti
cable with property of indentation). The industrial names of these cables were Hilti 19 and HTT-IXG spiral
indented. Using concrete blocks with 40 MPa. The blocks were encapsulated in concrete moulds. There was an
initial pre-tension load for each cable of around 50 kN. The following results were concluded: firstly, shear
strength of the cable bolt affected by the external face of the cable bolt decreasing approximately 13.8 % while,
the tensile strength of each strand reduced by12.8%. Therefore, having the indentation outside of the cable bolt
does not improve the strength and tensile properties conversely it makes the cable weaker. There were no
records on strand failure in the plain cable and all indented strands failed before the peak shear load. Neither for
plain cable nor indented cable has been recorded in rotation of cable during the double shear testing.
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Figure 2-25: Comparison graphs for load displacement for tested cables (Plain and Indented
Hilti) (Aziz et al., 2014)
This investigation was continued by (Aziz et al., 2015b). The aim of this study was, to investigate the loading
performance of cable bolts including; SUMO and TG, both plain and indented, as well as Garford twin and
birdcage structures, by applying various pretension loads. From the results obtained it was found that the
birdcage cable has detrimental effect on the shear performance of cable. Furthermore, following the results of
(Aziz et al., 2014) which confirmed the effects of indentation on shear performance of cables these results
confirm that and plain cables reached higher shear performance than indented cables. Moreover, this study
proved that there is a relationship between the shear strength of the cable and the ultimate tensile strength. The
results produce a formula that is discussed in the results chapter of double shear box MKIV.
For cables, (Hilti 19 wire HTT-UGX plain strand and Hilti 19 wire HTT-IXG with the spiral profile). The
double shear test was carried out by using concrete with a 40MPa capacity. The results compare with the
properties of plain cables tested using the single shear test machine British Standard (BS7861- 2:2009). Due to
the shape and cross sectional area of spiral cables, plain cable bolts shear capacity and tensile strength were
higher than for spiral cable bolts. The diagram below shows the comparison of single shear test with double
shear testing. Solid lines represent double shear and dotted lines represent single shear. Comparison results are
found in Figure2-26.
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Figure 2-26: A) shear and axial loads versus shear displacement for Hilti (plain) in double
shear apparatus. B) Comparison between single and double shear test from BS single shear
results (Aziz et al., 2015b).
Work by (Rasekh et al., 2015) looked to find more about the effect of friction between the surfaces of concrete
blocks in determining shear strength. She conducted double shear tests which were similar to the test conducted
by (Craig and Aziz, 2010). The shear force that is applied on the block and cable consumed in the following
sections; firstly, to bend and shear the cable bolt, secondly, to overcome the friction between concrete blocks
surface, thirdly, overcoming the small shearing annulus grout strength which can be allocated to the concrete
joint.
In this test, the strength of the concrete blocks was 40MPa. A checked pattern was applied to the painted surface
of each contacting face of the concrete blocks with the aim of finding how the friction in the joint can affect the
joint friction on shearing. Figure 2-27 demonstrates the pattern that includes 36 squares.

Figure 2-27: Painting process of the joint surface of blocks (Rasekh et al., 2015)
In this study, ten different cable bolts with various geometries including plain and spiral with different pretension loads were tested. The Mohr Coulomb equation was developed in order to determine the shear friction
angle, which was 26.94°. As it can be seen in Figure 2-28 the gap between blocks was brought about by
applying loads to the blocks hence the contact between the shear joint is not 100%, due to the gaps it can be
assumed to be approximately 75%.
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Figure 2-28: Concrete gaps appear during the test (Rasekh et al., 2015)
As claimed by (Aziz et al., 2015b) 90 percent of the estimated shear load contributes to the shearing load, the
remaining10 percent rest is consuming in overcoming the friction between surfaces.
The studies continued by (Aziz et al., 2016b) at the University of Wollongong utilizing the third generation of
the double shear machine which is a modified model of the previous machine, (MKIII). This machine compared
to the previous model, has a two truss system/braces, which are installed horizontally near the concrete blocks in
order to frictionless shearing which are shown in the Figure 2-28, the modification improvements to the machine
have made the machine capable of pure shear strength testing of cable bolts eliminating the friction between the
concrete faces. Comparing the result from the previous test MKII with the new machine MKIII it is found and
reported by (Aziz et al., 2016b) that 30% of shear loads reported from previous tests originated from the friction
at the joints. Figure 2-29 shows the new machine.

Figure 2-29: MKIII new double shear machine (Aziz et al., 2016b)
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2.9

Conclusions:

Two types of tests reported in this chapter, the pull-out test and shear testing of cable bolts. Pull out tests was
primarily aimed to study the load transfer capacity of different cable types of cable bolts using various
apparatus. It was found;


Reliable load transfer capacities can be obtained from the cable bolts with the cables undergoing no
rotation during the puling process.



Higher peak pull force was obtained at a minimum of pulling force displacement



The peak pull out force of indented cable is higher than the plain cable and at minimum of
displacement.



Axially split embedment pull out test offers an alternative way of determining the load transfer study of
the cables embedded in host rock or concrete medium and also is an environmentally useful apparatus.



The double shear rigs are superior to the British standard shear testing of cables.



The pretension load influences peak shear load and shear displacement



The incorporation of the lateral truss system to the double shear apparatus minimises or eliminates the
effect of the joint face contact friction between sheared joint faces, resulting in lower shear force for
shearing of cables at reduced displacement, and,



Increased pretension load affects the shear load and shear displacement of the tested cable.
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3 Chapter 3
STRENGTH PROPERTIES OF CEMENTITIOUS GROUT
3.1

Introduction

The most common material, used for installing cable bolts, is Cementous grout as discussed in this thesis. Based
on research conducted by (Hyett et al., 1992) it is shown that by increasing the Water/Cement ratio the UCS of
grout will decrease, and the W/C ratio of 0.3 or less may become too difficult to handle. Before preparing
samples, grouting and testing of cables in the designed apparatus it was necessary to determine W/C ratio.
Therefore, it is important to determine the ratio of water and cement before conducting the test as it plays a vital
role in filling the gaps between the cable and rifling in the apparatus as well as providing strength. The strength
property for given W/C ratio can be determined by a compressive cube test, which is elaborated in this chapter.

3.2

Uniaxial compressive strength UCS

This is a practical test to determine the strength of a specimen. In this test, the dimension of the cube used is
50mm cubed. According to the general formula for calculating the UCS the following equation can be used:
𝜎𝑐 =

𝑝
𝐴

(Equation 1)

Where:
P = represents Load applied at failure with unit of (N)
A = represent face area perpendicular to applied force (mm^2)
And 𝜎𝑐 = represents Uniaxial Compressive Strength (MPa)

3.3

Cube sample test preparation for measuring strength properties of grout

The cement, which was used for making the grout for all tests, was the Stratabinder brand and is described
further in the appendix. Grout’s performance would be in ideal form both in providing adequate strength and
being able to flow easily to fill the gaps between the cable strands and rifling in the apparatus. This study was
demonstrated by the work reported in ACRAP project report in C 22010 by (Hagan et al., 2015). Water/cement
ratio for all tests ranged from 0.35, 0.38 and 0.45. For each test, there are six cubes collected for the
Compression Test. An electronic scale is used to determine the exact volume of water needed along with the
mass of grout powder. Before using, the steel cube moulds a lubricant spray or lubricant wax is spread on the
surface of the mould. The next stage is to add grout to the water discontinuously with a paint mixer. The whole
process of mixing should not be more than 3 minutes in total. A straight spatula should be employed to drag the
dry grout from the wall of the bucket and the prepared grout should then be poured into the relevant moulds
until they are full. Stirring should be continued until there is no air bubbles in the mixed material. Afterward,
the moulds will be covered by a Perspex sheet and then excess mixture from the mould is passed through this
Perspex sheet. The moulds should not be touched within the next 24 hours allowing the cubes to form
completely in the moulds. These should be kept in a cool area. After 24 hours, the sample should be removed
from the moulds and keep in a moist area for seven days.
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After seven days of curing the surface of the samples should be machined with a belt sander to create a smooth
surface to preventing any effects of bulge and hump on the load concentration during the test. The procedures
have been shown in Figures (3-1 to 3-4).

Figure 3-1: Grout mixing for casting cubes for compression test

Figure 3-2: Cube moulds after pouring grout

Figure 3-3: Dried cube after curing period
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Figure 3-4: Dismantle mould and prepared cubes
3.4

Compress test procedures


Position the sample in the centre of the compressing machine and then prepare a loading machine with
1800 kN capacity.



The loading applied on the specimen kept constant and not over 360 kN.



The loading rate for the test is 60 kN/min or at a rate of 1kN/s.



All valves should be closed, including the load, unload and pressure release.



The load indicator should be adjusted to zero.



Adjust the sample by rotating the crankshaft until the sample is locked in the place and then make sure
the sample stays in the centre and near the shielding screen.



Start the machine and control the rate of loading by using valves to provide a constant speed and load
pressure.



As soon as the specimen brakes and fails, unload the specimen using valves and release the pressure.



In this stage, the peak load, which is shown on the screen gauge, is recorded. This process should be
applied to all the prepared samples.

3.5

Experimental machine

An Avery Compression Machine, with an 1800 kN capacity was used for the purpose of these tests.

Figure 3-5: Avery machine
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The results of the experiments include using Stratabinder HS, which can be seen in Figure 3-5. The graph
depicts distinct data points, achieved from the UCS test and shown in the chart alongside the time trend. There is
a correlation between the uniaxial compressive strength and the water/cement ratio. As is clear from the results
in Table 3.1, the water/cement ratio has an important role in the strength of the grout sample. Based on the
Stratabinder HS company’s standard for the ratio of 0.35 there is a need for one bag of powder and 7 liters of
water. Using this mixture, a strength of 65.3 MPa will be obtained. By adding more water to the mixture, the
compressive strength of the sample will drop.

Table 3-1: Different grout and water ratios in compression test machine

Water/cement ratio

0.35

0.42

0.45

Failure load
(kN)

UCS
(MPa)

164

63.97

155
169
168
104
101
106

62.35
68.38
67.78
40.95
39.76
41.77

102.5
79
86.5
103.5
103.5

40.67
31.42
34.47
41.12
41.07

Average UCS
(MPa)

64.4

39.87

36.72

Figure 3-6: Water/Cement ratio and stratabinder UCS

41

3.6

Conclusions

From the results of the tests, it was clear that the water cement ratio plays an important role in determining the
compressive strength of grout. Normally the grout’s ratio used in Australia coal mines is 0.38 and the UCS
value is 60 MPa. In the pull out tests, the water/cement ratio for the anchorage section was chosen as 0.35 giving
a UCS of almost 64MPa after 7 days curing due to its better resistance to failure. For the embedment section,
different ratios were used as shown in the previous table. The water ratio 0.32 once was used once for the
MASEA pull out test as a means of comparing the results but because of the difficulty in cleaning the sleeves, it
was not used more in tests. For the double shear testing, the ratio of 40 MPa was used with strength of almost 45
MPa after seven days of curing. The water / cement ratio plays an important role in determining the compressive
strength of grout. To describe this phenomena, when water penetrates the particles of grout it creates spaces
between the particles of grout and as a result, this phenomenon stops formation of strong bonds between
particles to make efficient bonds. By curing the sample, the water inside the particles evaporated and the voids
remain inside the cube, therefore, these pores provide a weak structure within the cube, thus decreasing the
compression strength. There are other components involving in this process as stated by (Kosmatka, et al., 2013)
which can affect the test results in a negative way. These factors are; permeability, resistance to freezing loop,
counteraction to sulphate damage and stopping from erosion. With respect to all these evidences, although the
water / cement ratio is very helpful in achieving a stronger uniaxial compressive strength it should be recognised
that low water in the grout means makes the mixing of the grout more difficult. The inability of the mixer to
combine the grout and water effectively should be recognised. This issue will arise during the pouring of
concrete and the encapsulation process. If the grout is not fluid enough to go around the cable efficiently,
encapsulation can be difficult or even impossible resulting in the decoupling of the bolt from the rock mass. To
conclude, the amount of water in the grout should be considered either for the workability of grout or efficient
strength. Also, No slump testing of the concrete was carried out during tests.
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4 Chapter 4
Load transfer behaviour of cable bolts in pull testing
4.1

Introduction:

This chapter describes details of pull testing of cable bolts using axially split short encapsulation pull testing
method. The apparatus used include a constant bore diameter of the rig in which a predetermined length of the
cable is encapsulated between two sections of the rig. One section of the rig houses a shorter length in
comparison with the other longer section so that when the shorter embedded side of the cable is pull out. This
study aims to examine the variation in pull out force between indented and smooth cables. The main focus of the
study is to evaluate the pull-out behaviour of multi-wired compound strand cables. This chapter also reports also
on the performance of the shallow groves of the sleeves as compared with much deeper and larger size groves.

4.2

Methodology for pull testing

As mentioned before in the Literature Review, one of the prominent deficiencies of these previous methods is
the considerable amount of wastage of concrete, steel tubes and sandstone (Aziz et al., 2016c). To solve this
problem (Aziz et al., 2016c) invented the Minova Axially Split Embedment Apparatus. In this test and study, the
load transfer capacity of spiral and plain cables were investigated. The curing time of grout was 7 days. As
mentioned before in chapter two the whole of the cable bolts test apparatus MASEA, is made from two parts
that including an anchorage section and joint section. The anchorage section is located in the stable interior rock
mass and an embedment section placed on the surface of the rock mass with less stability. For the testing of
cable bolts in this thesis, to determine their capacities both the Minova Axially Split Embedment Apparatus
(MASEA) and Multi Diameter Laboratory Short Encapsulation Test Apparatus (MDLSETA) were used in the
laboratory tests(Aziz et al., 2016c).

4.3

Design of Minova Axially Split Embedment Apparatus

The apparatus has two ends, for each part, there are two, half blocks of steel with a semicircular channel in the
centre of them. After the bolt goes into them, they become a system, which is similar to the borehole. The
diameter of the borehole is 30 mm and its length is 250 mm, grooves in the borehole had been spaced at 10 mm
intervals and grooves with a depth of 3 mm designed for making strong anchorage between grout and the wall of
the borehole. To prevent the cable from rotating during the pull test, a sleeve with a thickness of 10 mm and a
window 100 mm in length designed located on one side of the sleeve to help better monitoring the cable during
the test conducts, is inserted over the Minova apparatus(Aziz et al., 2016c). The length of cable is 400 mm, and
both ended are welded to make sure all wires will stay together during the test. As indicated in Figures 4-1 and
4-2.
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Figure 4-1: MASEA apparatus and anti-rotation sleeve (Aziz et al., 2016c).

Figure 4-2: Inner of the Minova Axially Split Embedment Apparatus (Aziz et al., 2016c).
4.4

Experimental process

4.4.1 Modification to the apparatus
For testing the cables with a diameter of 28mm to 30mm, the old sleeves have been machined to enlarge the
diameter of the sleeve’s notch r and provide enough room for casting grout around the cable as is shown in
Figure 4-3 and after machining the diameter reached 35 mm after machining. This machining helped the testing
to be progressed by better encapsulation as well as producing better anchorage and a tighter bond between the
cable and sleeve. Sleeves were able to accommodate cable bolts with a diameter of 31mm. As a result, the
environment was similar to a mine situation.
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After
enlarging

Figure 4-3: Diameter of notch changed
4.4.2

Casting of anchorage section of MASEA

Two parts of the MASEA (Axially Split Double Embedment Pull Testing Apparatus), shown in Figure 4-4,
separated. A twenty cent coin or a plastic block is inserted in the determined grooves, suitable to our embedment
length determined before the test, in this test the predetermined encapsulation length is 220 mm. Figure 4-4
below demonstrates this process where the coin is inserted.
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Figure 4-4: Fixing the twenty-cent coin or plastic blocks in the MASEA
After putting the plastic block or coin in the arranged groove to prevent grout leaking, the two sleeves are bolted
together and kept in a stable upright position by using a vertical clamp as illustrated. The pouring the grout into
the borehole with the assistance of a funnel follows. With the assistance of a spirit level the apparatus is
levelled and the cable is kept in the centre of the borehole, refer Figure4-5.

Figure 4-5: Preparing apparatus for pouring concrete
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Water and Stratabinder powder were mixed to produce the desired water/cement ratio. For this set of tests, the
water-grout ratio was 0.42. An amount of 1kg of stratabinder powder was mixed with 420 grams of water. The
making of the grout is similar to the process of making the grout for the compressive test, which was mentioned
in the sample preparation for measuring strength properties. After the mixing process has been done, the
prepared grout will be poured immediately into the funnel to fill the borehole. As shown in Figure 4-6.

Figure 4-6: Pouring grout in the MDSEA apparatus
In the next stage, the cable is inserted into the borehole and it is rotated to let allow all the parts between the
cable and grooves to be occupied by the grout. The location of the cable can be fixed and positioned vertically in
the centre of the borehole with the aid of a spirit level. All these parts should be left for 24 hours. As it is shown
in Figure 4-7.

Figure 4-7: Inserting the cable in the borehole and keep it in the centre
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4.4.3

Preparation and casting of embedment section

After preparing the anchorage section of the apparatus the next step was to prepare the embedment section.
After one or two days of curing, the other part of the apparatus will be installed on to the rest of cable that
remains out. This part is quite similar to the casting of the anchorage section. Nevertheless, pouring the grout
into the embedment section it will installed directly to the cable as shown in Figure 4-8 below. To ensure that
the whole system remains in the same direction and not rotated in during the curing of the grout in the
embedment section, a steel plate was employed across both parts (embedment and anchorage parts). This plate
has secured the use of eight screws. After that, they are clamped in a vertical orientation and the grout will be
poured into the embedment section through the hole as is shown in Figure 4-8.

Figure 4-8: Embedment section and installing holding plate
At a later time during curing, the steel plate and will be removed from the clamp and the anti-rotation sleeve will
be installed over the body of the apparatus by screws and the operator will get ready for testing as is indicated in
Figure 4-9.

48

Figure 4-9: Embedment section and installing holding plate
The non-rotating steel sleeve can control all forces that come from the machine during the pulling test. These
forces cause rotation and it is for that reason this is an option is quite useful for the test. One of the main
reasons for developing this apparatus is to remove all possible forces, which can have an effect on the cable
during the test and allow a pure pull test on the cable. In this case, the non-rotating sleeve helps. Furthermore,
the window on the non-rotating sleeve gives us a better understanding of the test by providing a chance to
observe the cable/grout interaction, especially during testing. Afterward, the whole apparatus will be set up in
the 500 kN hydraulic machine (Instron Machine) which applies a load of 1 mm/min. Refer to Figure 4-10. The
steel bar which can be seen in the figure below will be installed and fitted in to the middle of the clamp
preventing the rotation of the clamp during the test.

Figure 4-10: Instron machine and fitted bar before the test
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4.5

Experimental Plan for the MASEA

The following table details the series of tests that were undertaken using MASEA. In all tests, the embedment
length was kept constant. All cables were cut to a constant length of 400 mm and the lengths for the anchorage
section were maintained at 220 mm and embedded pull out length at 180 mm. The variable being assessed was
the effect of the water/cement ratio on the strength of the encapsulated cable in the MASEA. In these series of
tests, three types of cable were used. They were:
a.

Minova Multi rope core wire cable bolt, with plastic insulation between strands,

b.

SUMO 9 wire plain cable bolt, and

c.

Megabolt MW9 spiral cable bolt.

Figure 4-11: Profile of Minova multi-wire cable
4.6

Results

The imposed variables were the effect of the water cement ratio on the pull test approach. The effect of different
water cement ratios on the load capacity behaviour of the Minova cable is shown in Table 4.2. Six tests were
conducted, as indicated in Table 4.1. All samples had constant variables including an embedment length of 180
mm and the anchorage section was 220 mm and curing time was for one week.

Table 4-1: Minova multi-wires cable tested with MDSEA
Sample ID

Cable type

Anchorage
Length (mm)

Borehole
size

1.1 and 1.2
2.1 and 2.2
3.1 and 3.2

Multi-wires
Multi-wires
Multi-wires

220
220
220

34
34
34
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Embedment
Length
(mm)
180
180
180

W/C ratio of
embedment
side
0.35
0.42
0.45

Curing
Time
(weeks)
1
1
1

Number
of tests
2
2
2

Table 4-2: Peak load and displacement at peak load for Minova wires cable
Parameters

W/C Ratio 0.35

W/C Ratio 0.42

W/C Ratio 0.45

Specimen ID

1.1
Minova

1.2
Minova

2.1
Minova

2.2
Minova

3.1
Minova

3.2
Minova

Peak Load (kN)

70.43

84.06

65.68

55.60

47.11

Failed

Displacement at peak load (mm)

57.18

73.74

54.97

62.72

31.257

Failed

Bond strength (kN/mm)

0.391

0.531

0.364

0.281

0.2

Failed

As can be seen from the first graph (Figure 4-12) which belongs to the W/C ratio of 0.35, the maximum peak
load was 84.064. The maximum amount on the peak load is 70.43 which is 10 kN less than the first specimen.
The trend shows that in this type of cables there is a constant fluctuating in the graphs, this represents a
characteristic of rough wire surface cables with.

Figure 4-12: Water Cement ratio 0.35 for multi-wire cable Minova
4.6.1 Results with water/cement ratio 0.42 for MINOVA cable bolt
Figure 4-13 demonstrates the effect of the water/cement ratio of 0.42. The maximum load in the first specimen
with w/c ratio of 0.42 is 65 kN whereas in the second test the result is 55 kN. Other tests results are included in
the appendix.
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Figure 4-13: water cement ratio 0.42 for multi-wire cable Minova
Figure 4-14 shows the effect of water cement ratios on the multi-wire cable. The graph representing the effects
of three water cement ratios including 0.35, 0.42 and 0.45 on displacement and load variations.
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Figure 4-14: Load versus displacement graph for different water cement ratios by employing
multi-wire cable (Minova)
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Figure 4-15: Load transferring in two different W/C ratio (0.35 and 0.42)

water cement effect on load's trend
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0.46

W/C

Figure 4-16: Load transferring in two different W/C ratio (0.35 and 0.42)
4.6.2

Effect of W/C ratio variation on load capacity behaviour

From all Tables and Figures, several points can be observed. Regarding the relationship between W/C ratio and
its consequences on the pull test result on Multi wire cable, it is reducing the amount of water in cement ratio,
the peak load increased around 40 kN. Conversely, by increasing the amount of water, the grout strength has
reduced. In the Minova cables, a linear trend of this statement can be easily seen, in Figure 4-16 ,The specimens
with water cement ratio of 0.35 (1.1 and 1.2) almost reached 1 to 1.5 mm more displacement normally before
rising to peak load. With regard to bond strength, which can be described as a function of peak resistance
whereby increasing the W/C ratio the bond strength has reduced consequently. From the test, the bigger the
water/cement ratio, the greater is the chance of failure of samples at lower peak load.
Observations of these series of tests confirm the findings of (Kılıc et al., 2002)and (Aziz et al., 2016c) as
indicated in Figure 4-17. Their research proved that there was a reverse relationship between pull out tests and
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the water cement ratio in fully grouted cables. (Kılıc et al., 2002) found that more water in the grout can lead to
more voids on the surface of the grout. These voids appears because of the excessive amount of water added in
the cement and its subsequent evaporation which then weakens the strength of the grout. Moreover, this linear
trend can be seen in the data. In Figure 4-16, the blue dotted line represents average data from all samples. If the
distance between the blue line and points in the Figure 4-16 calculated, the distances between blue points to the
main line (represents Kilic results) for each water cement ratio, we come out 10 kN differences which stands
for all water cement ratios at same amount. Minova’s fine wire-cable does not perform well in the pull test due
to the existent of synthetic insulation between the individual strands that make up the compound cable structure
as shown in Figure 4-18. Major damage occurred to the cable. The following picture shows the damage to this
cable after the pull test with low water cement ratio. A possible reason of this phenomenon can be attributed to
the cables profile and structure. The cable consists of many small wires and this make the surface of the cable a
little smooth. Also, strands are reinforced internally with plastic layers that cause to strands to slide against each
other.

Figure 4-17: Load transferring in two different W/C ratio (0.35 and 0.42) (Kılıc et al., 2002)
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Figure 4-18: Damaging of Minova after pull test
4.6.3 The effect of indentation on cables in plain (SUMO) and indented (MW9) in load
transfer capacity:
The variable imposed was the effect of the indentation on the pull test attitude. The following results and tables
demonstrate the effect of different indentations on the behaviour of MW9 (indented) and Sumo (plain) cables.
The next Table 4.3 provides information about conducted tests with two cable Plain SUMO and Spiral Megabolt
MW9 cables. Table 4.4 shows the load vs displacement graph of the tested cable specimens. All samples had
constant variables including embedment of 180 mm and a curing time of one week. The numerical findings
from these series of tests have been exhibited in Table 4.4.

Table 4-3: MW9 and SUMO information in conducted tests
Sample
ID

Cable type

4.1
5.1
6.1
6.2
7.1

Indented (MW9)
Indented (MW9)
Plain (Sumo)
Plain (Sumo)
Plain (Sumo)

Cable
size
(mm)
31
31
28
28
28

Anchorage
Length
(mm)
220
220
220
220
220

Embedment
Length
(mm)
180
180
180
180
180

W/C ratio of
embedment
side
0.35
0.42
0.42
0.42
0.32

Curing
Time
(weeks)
1
1
1
1
1

Figure 4-19: A) Profile of MW9 (indented). B). profile of SUMO (plain)
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Number
of tests
1
1
1
1
1

Table 4-4: peak load and displacement at the peak load for spiral and plain cables (MW9
and SUMO)
Parameters

W/C Ratio 0.35

Specimen ID

4.1
Indented
(MW9)

5.1
Indented
(MW9)

6.1
Plain
SUMO

6.2
Plain
SUMO

7.1
Plain
SUMO

Peak Load (kN)

287.16

251.09

224.83

214.27

240.35

37.16

40.73

51.28

44.8

69.8

1.59

1.39

1.24

1.19

1.33

Displacement at peak
load (mm)
Bond strength
(kN/mm)

W/C Ratio 0.42

W/C Ratio 0.32

350
300
250
200
150
100
50
0
0

10

20

30

40

50

60

70

80

90

100

Figure 4-20: Load versus displacement graph for MW9 with water cement ratio 0.35
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Figure 4-21: Load versus displacement graph for MW9 with water cement ratio 0.42
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Figure 4-22: Load versus displacement graph for MW9 with water cement ratio 0.42

57

250

200

150

100

50

0
0

10

20

30

40

50

60

70

80

Figure 4-23: Load versus displacement graph for plain SUMO with water cement ratio 0.42
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Figure 4-24: Load versus displacement graph for SUMO with water cement ratio 0.42 and
0.32
From the results and obtained Figures (4-20 to 4-24), indented cables (MW9) have a greater bonding capacity
compared with the other two cables. The MW9 cable with a W/C ratio of 0.35 obtained the maximum load of
287.16 kN. This data for the W/C ratio of 0.42 was 251.09 kN whereas, the acquired data for SUMO cables with
a W/C ratio of 0.42 was 224.14 kN. The Peak load of 240.35kN was obtained from (w/c 0.32). By comparing
the behaviour of plain and indented cable when subjected to different w/c ratio, it is clear that the indented
cables obtained higher peak load than plain cables and the peak load for them was at a lower displacement.
After the peak load point for plain cables the bearing capacity reduces for a considerable time and reduces until
the is 75-85mm of displacement, whereas, bearing capacity for spiral cables reduced suddenly at a displacement
of 4-8mm. (Aziz et al., 2008) discussed the effect of optimum orientation and indentation on the cable profile,
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Stating that, the optimum spacing on the cable profile has a great and unassailable impact on the bonding
capacity of bolts. From this funding, it can be concluded that this situation is correct and can be contemplated
for the cable bolts that were tested (MW9) which shows the indentation on the cable made the cable capable of
being loaded more. In comparison, the SUMO cables which do have a smooth profile have a lower bearing
capacity than spiral cable bolts (MW9). It was clear that the bond strength increases by increasing the
embedment length. All Minova cables show a lower pull out force when compared to other cables (MW9 and
SUMO).

4.6.4

The effect of borehole diameter on the bonding capacity

The diameter of the cast grout cover around the cable in the borehole was increased. The annulus thickness of
grout covering the cable ranged between 2-4 mm. However, from the results of these tests and based on (St John
and Van Dillen, 1983) the formula described, grout shear stiffness 𝐾𝑏𝑜𝑛𝑑 , can be calculated from the pull-out
test results. The elastic shear stress τ𝐺 can be obtained from;
τ𝐺 =

Where:

𝐺

∆𝑢

𝐷
2𝑡
( + 𝑡) 𝐿𝑛 (1 + )
2
𝐷

G = grout shear modulus;
D = reinforcing diameter;
t = annulus thickness.

Consequently, the grout shear stiffness, Kbond, is simply given by
𝐾𝑏𝑜𝑛𝑑 ≅

2π G
𝐿𝑛 (1 +

2𝑡
)
𝐷

From the formula, the conclusion drawn is that the Ln relationship between the bonding of cable and grout can
2𝑡

be described as; by increasing the diameter of the cable the 𝐿𝑛(1 + ) will be decreased, subsequently the
𝐷

whole amount of 𝐾𝑏𝑜𝑛𝑑 will increased. Kbond is calculated for each cable as below:
1) For the Minova multi-wire cable the diameter is 25mm and we assume the G (grout shear modulus and
diameter of the borehole is constant for all upcoming calculations. With regard to the diameter of the borehole
which is 34mm the t = annulus thickness becomes 4.5 mm which is the total amount by using

𝐾𝑏𝑜𝑛𝑑 ≅

2π G
2𝑡
𝐷

=20.42

𝐿𝑛(1+ )

2) Sumo cable diameter of 28 mm, t= 3 mm therefore:
𝐾𝑏𝑜𝑛𝑑 ≅

2π G
2𝑡
𝐷

= 32.34

𝐿𝑛(1+ )

3) MW9 cable diameter of 31 mm, t= 2 mm therefore:
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𝐾𝑏𝑜𝑛𝑑 ≅

2π G
2𝑡
𝐷

= 51.74

𝐿𝑛(1+ )

Using all the above results and, by assuming the G and borehole diameter, in the 𝐾𝑏𝑜𝑛𝑑 formula, Figure 4-25
concludes that there is logarithmic relationship between 𝐾𝑏𝑜𝑛𝑑 and the thickness of the grout. As seen in the
graph, by increasing the thickness of the grout the𝐾𝑏𝑜𝑛𝑑 , value decreased. Moreover, the optimum thickness of

Kbond

grout for grouting around the cable ranged between 2-4 mm as stated by (Aziz et al., 2008).
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Figure 4-25: The relation of thickness of grout and Kbond
4.7

Multi diameter laboratory short encapsulation test apparatus

MDLSTA is quite similar to the MASEA apparatus. It includes an axially split block of steel that bolts together.
Each block has a hollow core, which enables multiple sleeves to be accommodated inside effectively and safely.
The sleeves, when joined and bolted together, simulate the borehole situation in the mine, rifled borehole.
Cables can be installed in the hollow sleeve and then grouted. Each sleeve has a different borehole diameter, this
specification allows testing various cable bolts. The MDLSETA is illustrated in 4-26.
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Figure 4-26: Details of Multi Diameter Laboratory Short Encapsulation Test Apparatus (Aziz
et al., 2016c)

Figure 4-27: The Multi Diameter Laboratory Short Encapsulation Test Apparatus
(MDLSET) apparatus with plastic blocks (Aziz et al., 2016c).
The MDLSET is an excellent substitute machine for examining the behaviour of the various diameters of cable
bolts under pull out load. Based on the cable bolt diameters a suitable frame will be chosen and then, the part
internal of the frame is grouted. To control the length of cable encapsulation in the sleeve a circular plug is used
to control the cable embedment length in the sleeve after installing the plastic block or 20 cent coin
During grout encapsulation of the cable in the split set, one side of the rig is held vertically in a vice. The grout
is poured into the sleeve, this is then followed by inserting the first half of the cable into the grout contained
sleeve and held centrally in a vertical position and then left allowing the grout to partly set and harden. The
cable was centrally located in the sleeve using plastic wedges and then left to allow the grout to set and harden
for some time. The free end of the cable was then fitted with a B&W, which will then be fitted into the steel
claw and subjected to pull testing as shown in Figure 4-28. Similar to the MASEA apparatus, sleeves were
clamped vertically and grout poured into the borehole after that cable was installed in the borehole.
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Figure 4-28: Barrel & wedge end of the cable fitted in claw
There are benefits to installing the non-rotating steel head before casting the cable. Firstly, this helps the cable
bolt to remain in the centre of the borehole and secondly, it prevents the cable from rotating during the test.
Figure 4-29 displays the whole MDLSETA machine with the installed non-rotation section on the head inserted
into the Instron machine with a capacity of 5000 kN force of pulling.

Figure 4-29: Instron machine with inserted MDLSETA ready for pulling test
4.7.1

Results

Four set of tests were conducted with this machine. However, cable rotation occurred between cable bolt and the
grout interface. Also, during testing of the specimens in the Instron machine malfunctioned occurred several
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times which affected the results and machine was stopped several times during the test by lab technician.
Figures 4-30 and Figure 4-31 show some failures that occurred during testing.

Figure 4-30: failure borehole/grout interface

Figure 0-1: failure cable/grout interface
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4.8

Conclusions
This study provided a series of tests that were conducted with the MASEA to identify the effect of water to
cement ratio, embedment length, curing time and cable geometry condition on the load transfer behaviour
of cable bolts under axial forces. All obtained results presented in load-displacement graphs to make a
better understanding of resisting forces according to corresponding displacements. According to the loaddisplacement graphs and tables, the main points can be summarized as follows:


By comparing the behaviour of plain and indented cables when subjected to different w/c ratio, it
was found that the indented cables obtained higher peak load and at lower displacement than plain
cable bolts. Post peak load point for plain cables the pulling load tapers gradually at greater
displacement, whereas, the bearing capacity for spiral cables reduced suddenly at shorter
displacement. This finding was in agreement with the finding of Thomas (2012).



With regard to the relationship between of 𝐾𝑏𝑜𝑛𝑑 and thickness of grout in pull out test, it was
found that by increasing the thickness of grout the 𝐾𝑏𝑜𝑛𝑑 will be decreased. The optimum
thickness of the grout for grouting cable bolts should be in the order of between 2-4 mm as
reported by (Aziz et al., 2003).



The Minova Multi wire compound cables show lower pull out force compare MW9 and ID SUMO
cables. A possible reason for this phenomenon can be attributed to cables profile and structure.
The cable consists of many small wires and this makes the surface of the cable smooth. Also,
strands are reinforced internally with plastic layers that causes to strands slide against each other.
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5 Chapter 5
Shear behaviour of fully grouted pre-tensioned cable bolts tested with the (MKIV)
machine (double shearing)
5.1

Introduction

The function of cable bolts and how they act in tension and their performance in shear are analysed. A set of
factors play an important role in this process. The mechanical interlock and friction during the cable pulling
process play an important performance role, particularly with indented cable bolts. By the movement of the
cable bolt in the borehole the mechanical interlock increases and as a result a more normal load is produced
between the surface of the grout and the cable bolts (Stillborg, 1984). The friction generated between the grout
and the cable restricts the cable bolt from slipping, consequently, the indented cable experience higher load
transfer capacity than the plain cable type. Cable wires failure occurs when fully sheared and failure can also
occur between the grout and cable surfaces. The surface condition of cable bolts strand wires is the main factor
that is being examined and evaluated in this chapter by using different various types of sharing apparatus as
described in Chapter 2 in the literature review. However, this chapter focuses on the study of the shear
behaviour of various types of cable bolts in the host medium concrete in circular shaped double shear apparatus
MK-IV. In particular, the study will also examine the effect of internal reinforcement of the concert on the cable
bolt strength and load transfer characterisation of various popular cable bolts used in the Australian mines. Also
reported in this thesis is the study of the failure of the individual wire with respect to their failure in either
tension, shear and in tensile/ shear. These failure modes are to be identified with individual wires being
instrumented with strain gauges

5.2

Experimental process

5.2.1 Double Shear equipment
Two types of double shear apparatus were used in this research study, they are: (a) the Rectangular Double
Shear rig (MK-III) and (b) Cylindrical Double Shear Box Rig (MK-IV). The methodology of concrete casting is
varying with respect to the shape.
a) Rectangular MK-III DS Box,
The rectangular DS-MKIII box shown in Figure 5
 -1 consists of two 300 mm long outer cubic boxes and a 450
mm long middle central cuboid box with 300×300 mm2 cross-sectional area. The overall length of 1050 mm
has opposing concrete joint faces is not in contact with each other and therefore the measured shear resistance
force is spent only on shearing the cable strand wires, in other words, it is a frictionless shearing box. Further
information on double shear test boxes MKII and MKIII was reported by Aziz et al. (2010, 2014, 2015, a and b,
2016) and Resekh et al. (2016),
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Figure 5-1 Metal conduit with 8mm PVC wire around
The process of removing friction between sheared joint faces is achieved by preventing lateral squeeze of the
concreter blocks. Two open box steel channel braces (U brace), mounted axially on each side of the double
shear apparatus assembly and connected to two end plates with dimension of 500 x 340 x 30 mm3 was
employed to prevent the concrete joint faces of the concrete blocks coming in contact with each other. During
shearing the load is transferred from the U sections to the end plates thus avoiding the friction between shearing
blocks. Therefore, their size and thickness was a critical aspect to carry the axial load. The maximum axial load
generated in the system due to the pre-tension load and during the test does not exceed 600 kN. Therefore, each
U section should have 150 kN strength however the end plates had to be strong enough for 300 kN load.
b) Circular Double Shear Box (Naj Aziz shear box)
Figure 5
 -2 shows the general view of a new cylindrically shaped Double Shear Testing Rig (MKIV),
appropriately called “Naj Aziz DS Box. The 300 mm diameter steel circular clamps permit the application of
external confinement to the cylindrical concrete medium. The outer DS cylinder sides rest on support cradles to
provide a stable positioning during the shearing stage, allowing the longer central part of the box to shear
vertically down with a minimum of lateral movement. With the use of four steel trusses and 30 mm thick
reinforced side plates, as described in MK-III DS is shown in Figure 5-2, the arrangement permits a minimum of
contacts occurring between the concrete blocks side faces during shearing, thus preventing part of shearing
forces being spent on overcoming the medium joint sides rubbing friction. The whole assembly is mounted on
outer base cradle half cylinders, fastened and secured to the carrier base frame using eight 20 mm diameter
threaded bars. The concrete steel clamp is 17.5 mm in thickness, fastened to the lower half of the full clamp with
three bolts pre side.
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Figure 5-2: general view of Naj Aziz Double Shear Box
c) Concrete casting and sample preparation:
Casting of rectangular concrete blocks: this involves pouring concrete into three compartments greased marine
plywood mould, separated by two metal plates and measuring 1050 mm x 300 mm x 300 mm. A 30 mm in
diameter steel conduit wrapped with 8 mm PVC tube was held vertically along the mould to precast a rifled hole
through the centre of concrete blocks (Figure 5
 -3). Once the concrete was poured, set and hardened, the steel
conduit as well as the PVC tube were then after six hours of concrete pour the were removed pour removed.
The cast concrete blocks were left for the first 24 hours to set and harden in the mould. The blocks were then
removed from the moulds and kept in a moist environment for 30 days to cure. The 40MPa concrete mixture
consisted of water, sand, cement, and aggregate, with ratios of 1:4.15:1.82:3.64 respectively (Figure 5-3).

Figure 5-3: casting the concrete blocks in rectangular double shear blocks
Concrete samples were also collected in 2:1 ratio cylindrical cylinders for UCS value determined from testing of
the representative 100 mm diameter cylindrical concrete specimens cast at the time of concrete preparation and
pouring.
Concrete mould preparation for MK- IV rig: The preparation of the NADSB assembling differs from the
rectangular shear box. The circular concrete blocks are cast in 300 mm diameter Formatube cardboard cylinders.
Two 300 mm and one 450 mm cardboard lengths are cut and assembled in a specially prepared wood frame for
concrete pour as shown in Figure 5-4.
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B

A

Formatube
cardboard

C

D

Conduit for
pouring
grout

Figure 5-4: A) Formatube cardboard; B) Cutting Formatube cardboard in size of 300mm
and 450 mm; C) applying glue around the wooden frame and tube; D) Before pouring
concrete
During casting of the concrete and production of the central hole for cable installation, a conduit wrapped with 8
mm PVC tube is held vertically along the mould to precast a rifled hole through the centre of concrete blocks.
Once the concrete was poured it was left to set and harden, the steel conduit, as well as the PVC tube, are
removed in similar fashion as reported by Aziz et al. (2017) in ACARP project report C24012. Once a few days
of casting the concrete blocks are removed from cardboards and mounted on the double shear. The lower
semicircular side steel frames of the 300 mm long side blocks are placed on steel support cradles resting on the
carrier base frame. The middle section of the double shear box set-up rests temporarily on either wood blocks
and lately on a purpose built semicircular table with retractable legs.
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Prepare the sample for the DS MKIV, the circular concrete blocks are cast to a 300 mm diameter using
Formatube cardboard of a cylindrical shape. One Formatube cardboard tube with the length of 450 mm and two
with lengths of 300 mm are cut and located in to the designed wooden frame for pouring concrete as indicated in
Figure 5-3. For providing, a centre hole for the cable installation, a steel rod (conduit) with a diameter of 30mm
and length of 1000mm is used, being wrapped with 8mm PVC for rifling the hole during casting as can be seen
in Figure 5-4. A tube was held vertically in the middle of the cardboard to simulate a rifle hole through the
centre of cylindrical concrete blocks. Figure 5-5 and Figure 5-6 illustrate the preparation process.

A

B

C

Figure 5-5: Making 40 MPa concrete; B) Pouring concrete in cylindrical cardboards and
vibrating; C) ready for initial curing

Figure 5-6: Preparing rod by threading PVC plastic and concrete after pouring concrete and
before dismantlement.
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Concrete with a UCS of 40 MPa was mixed and then poured into the cylindrical cardboard tubes and vibrated to
remove bubbles from inside the concrete (B). Then the top face of the poured concrete was smoothed off as
demonstrated in Figure 5-7.

Figure 5-7: UCS test compression test
5.2.2 Testing Procedure
Each cable bolt was inserted into the central hole of assembled blocks. One 100 t load cell was mounted on each
side of the assembled concrete blocks and tensioned to the predetermined axial pretension load, using a “Blue
Healer” tensioner. Tensioning of the cable was retained by the barrel and wedge. This was followed by the
introduction of the grout in the central holes for bolt encapsulation. Grouting was achieved via 20 mm diameter
holes drilled on top of each concrete block. After seven days of grout/resin curing time, the whole of the double
shear assembly was then placed on the carrier base frame. The outer side 300 mm3 cube blocks of the double
shear apparatus were mounted on 100 mm steel blocks, leaving the central 450 mm long block free to be
vertically sheared down a diameter of up to 100 mm as shown in Figure 5-8.

Figure 5-8: loading the central block in the compression testing machine
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The process of double shear testing consisted of loading the central block vertically in the 500 t compression
testing machine. The 450 mm long middle section of the double shear apparatus was then vertically shear loaded
at the rate of 1 mm/min for the maximum 100 mm vertical displacement, which is the vertical travel range of the
compression loading machine. The rate of loading and displacement was monitored and simultaneously
displayed visually on a PC monitor. Figure 5 -9 shows sheared a post-test view of the central block. Cables and
blocks were then dismantled and the concrete blocks were manually split open to expose the full length of the
sheared cable. A total of nine tests were made on Sumo cables to evaluate different relevant parameters.

Figure 5-9: Post-test dismantled cable double shear assembly
5.3

Results and analysis

Table 5
 -1 lists details of several cable bolts being tested in Naj’s DS box. All tested cables were SUMO cable
bolts, plain and indented wire strands. Cable 8 is designated as MIX reinforcement because one 300 mm3 block
has no internal reinforcement. Indented cables are, in general, lower in ultimate tensile strength than their
counter part plain wire cables. It is understood that such loss of strength may be attributed to cable wires weight
loss during indentation process as reported by Aziz et al. (2017, 2014), however, localised wires stress
concentration on the wire .has been found to be in higher impact than the cable wires weight loss, as reported by
Aziz et al, (2019).

Table 5-1: Summary of double shear test results using DS MKIV rig (Naj’s DS Box)
Pt
(t)

Peak Shear
load/side
(kN)

Peak
Axial
load L
(kN)

Peak
Axial
load R
(kN)

Shear
displac
ement
(mm)

Concrete
reinforced
internally with
Steel tube

Test No.

Cable

Test date

UTS
(t)

1

SUMO-P

15-05-18

65

15

400

408

451

71

No

2

SUMO-P

25-05-18

65

15

377

275

294

43

yes

3

SUMO-P

06-06-18

65

2

451

422

442

86

No

4

SUMO-P

26-06-18

65

2

483

270

250

59

yes

5

ID- SUMO

10-07-18

63

15

315

366

360

61

No

6

ID-SUMO

18-07-18

63

2

378

280

286

68

No

71

7

ID-SUMO

02-08-18

63

15

240

174

173

44

yes

8

ID-SUMO

10-08-18

63

2

310

193

189

47

MIX

9

SUMO-P

20.09.18

65

2

453

285

286

61

Yes

P: Plain, ID: Indented cable wires, Cable dia. 28 mm. Sample 8 had one side block not reinforced

Figure 5
 -10 shows the load displacement profiles of both types; with the peak shear load of plain strand cable
being typically higher than the indented type and at greater displacement. However, the shear failure load of
each wire in the strand is inconsistent compared with the plain strand. Both tests were carried out in concrete
blocks externally reinforced with same steel clamps and without internal reinforcements. These two cables were
initially pre-tensioned to 15 t and are listed as test 1 and 5 in Table 5-1.

Figure 5-10: Testing of indented and plain cables with 15 tons pre-tensioned and with UCS
of 40 MPa
The level of displacement profiles in both shearing process were close, particularly when defining the first peak
shear load. In addition to wire indentation and in reality there are three other factors that may test results. These
include; (a) the strength of the medium (concrete), (b) the effectiveness of medium confinement and (c) applied
axial pretension loads on bolts. The following points are recognised as contributing to different behaviours with
respect to all tested cables.
Figure 5
 -11 shows the cable installed in concrete blocks reinforced internally with steel tube (Diameter: 165
mm, wall thickness: 3 mm). The internal confinement of the concrete block contribute to increased concrete
strength and stiffness, which minimises early concrete deformation around the tendon close to sheared joint
faces, reducing concrete deformation depth at the hinge points by as much as 50%. These result into reduced
vertical cable displacement, which would be less than that occur with the un-reinforced concrete medium.
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Figure 5-11: crushing and deformation zone at hinge area, in rectangular and cylindrical
with and without steel confinement. (Yang et al., 2019)
5.3.1 Comparison of test results between ds MKII, MKIII and MKIV
Table 5-2: Test data on Sumo plain and indented cables tested in MKII, MKIII and MKIV double shear boxes,
all externally clamped. Cable diameter - 28 mm. lists test results from testing Sumo cables using different shear
boxes of MKII, MKIII and MKIV. Both Sumo plain and indented cable were tested in externally confined 40
MPa concrete with pretension loads as indicated in the table. Testing with MKII meant the existence of contact
joint faces friction, in which part of applied shear load was spent in overcoming friction. Testing using MKIII
and MKIV boxes required no joint face friction force. The following points are noted from Table 5-2: Test data
on Sumo plain and indented cables tested in MKII, MKIII and MKIV double shear boxes, all externally
clamped. Cable diameter - 28 mm. and load-displacement figures were reported by Aziz et al. (2019);
The external steel confinement generally strengthened the integrity of the host medium during shearing,
however, circular clamps or confinements are a more effective method than the rectangular type because of
uniform lateral confining loads applied all around the concrete.
The shear failure loads tested in the circular DS MKIV box (Naj’s DS Box) are generally lower in comparison
with test results from both MKII and MKIII boxes. This is because all-round confinement load is uniform and
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strengthens concrete stiffness. The higher shear load values, particularly when testing with MKII box is
attributed to the additional shearing force needed to overcome the contact frictional forces.
The shear load values determined when using the MKIV DS box are relatively closer to Megabolt Single Shear
Test results (MSST)as reported by Aziz et al in ACARP report C24012 (2017). These values occur in testing
cables that are of indented types and do not debond.
Excessive crushing and deformation of the concrete at and near cable hinge points may lead to increased shear
displacement resulting into greater shear force values indicating that the sheared section of the cable wires are in
near tensile failure rather than in shear. This may have some benefit for ground reinforcement particularly in
softer formation with excessive lamination and shearing.

Table 5-2: Test data on Sumo plain and indented cables tested in MKII, MKIII and MKIV
double shear boxes, all externally clamped. Cable diameter - 28 mm.

5.4

Abnormal failure in the indented cable bolts

When sheared some wires were exposed to extra bending and early snapping than other wires, particularly the
wires that were located at the top side of the sheared cable with respect to the direction of shearing. The position
of these wires was on the top half of the cable. There were three possible elements that may have contributed to
this phenomenon. a) Reduced wire weight due to indentation process. Based on research done by (Aziz et al.,
2015a) on cable tire, this weight loss may lead to decrease in the peak load by up to 10%. b) Indentation
process of wires may cause the establishment of localized stresses in the wires. c) Location of wires on the top
of cable and being under a significant bending pressure and shearing load.
To find out the performance of wires under different test circumstances, three 400 mm wires were cut out of the
SUMO cable strand and tested in different conditions as they mentioned before. In Figure 5
 -12, three wires are
subjected to intact, impact punch and spot welded respectively. After that, all three wires were pull tested in
Instron Universal machine. It was found that the intact wire failed at 69 kN, impact punch failure was at 67 kN
and failure for spot-welded was 51 kN. As it clears the failures varied concerning situation of wires before
undergoing to pull test.
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Figure 5-12: Three types of wires (intact, impact indented and spot-welded) before and after
pull test (Yang et al., 2019)
Normally stresses on the cable wires are monitored individually by strain gages installed on one end on the
cable or tendon. This monitoring was not required in this experiment as were only interested in picking up peak
shear loads and displacement. Also localized stress refers to the stress generation attributed to the process of
indentation. To gain dependable result and to find out the orders of wires failure, all wires in the cable were
periphery painted in different colours. Surface of wires were cleaned and sanded to provide a smooth the surface
to adhere to strain gauges with glue. The strain gauges location was not close to the sheared section, as they may
be damaged by being located in the proximity of the sheared Joint faces. All views of cable in the shear joint as
well as on cable’s profile are shown in Figure 5-13.

Figure 5-13: The orientation of wires both in right and in left side of coloured cable in the
MKIV shear box (Yang et al., 2019)
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Figure 5-14 shows the double loading of the cable with the strain gauge wires being connect to a data logger for
information retrieval.

Figure 5-14: All prepared MKIV with strain gauges under 500 tones machine
In Figure 5
 -17 show the locations of wires in the cable and designated colours. Figure 5 -16 shows the
performance of the strain gauges. Some strain gauges showing the negative which are including; R4 (blue
colour), R7 (orange colour), R2 (green) and R5 (dark red), this primitive negative load-displacement represents
that these wires may expose to strain. Whereas, the other wires are including; R1 (yellow), R8 (Metallic), R9
(white) and R6 (Dark Blue) with positive strain gauges may bear the tensile and shear load which means they
supposed to be on the top side of the cable with regard to vertical load applied during the test.

Figure 5 -15: Wires failure on the joint shear side (cross section) in respect to their failures.
(Yang et al., 2019)
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Figure 5-16: Displacement and strain gauges graphs for each wire itself (Yang et al., 2019)

Figure 5-17 and Figure 5-18 show some failures modes. The failure patterns are also shown in
Figure 5-15.

Figure 5-17: Common failure in cable bolts including tensile failure and shear failure (Yang
et al., 2019)
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Figure 5-18: failure shapes of wires, which are located at the right side of shear face of the
DS box during the test
5.5

Discussion

The reason for this failure succession of indented wires after the failure of the first wire was abnormal, which is
attributed to the following:


During the indentation process, there is loss of weight in the wire approximately between 2-10%



Localized stress by progressing the indentation process as described and shown in Figure 5.12.



The interlocking action between wire indentation and the grout.



The load monitored by load cells during shearing are a combination of tensile and shear load. This is
evident from the snapping profiles of the individual strand wires shown in Figure 5-12.



The ability to get a better understanding of strand wires failures was demonstrated by strain gauging of
each wire and observing the level of each wire location and strain rate respect to the direction of
shearing.



The level of cable bolt pretension affects cable stiffness and hence the shear load failure and shear
displacement. The stiffer the cable the easier to fail or snap at reduced shear displacement.

5.6

Conclusions

DS box apparatus (Naj Aziz Duoble Shear Box), is dependable and powerful method to discover the shear
strength of cables. The confinement around the concrete and circular shape of the clamps enable the load
applied uniformly around the concrete; also, it can diminish depth of cracking zone that leads the test to have
pure shear rather than tension. The shape of the MKIV has immense influence on the confinement and reducing
axial cracks, which have influence on test results. This confinement enables the shear testing of cable in stronger
strength. Besides, the confinement may help test to be governed by shear rather than tension.
Wire failure takes place when wires are subjected to excessive bending and stretching as they supposed to. The
topside wires would snap in a combination of tension and tensile shear, meanwhile, on the other side of cable,
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undergo just tensile shear. Usually, the initial failure happens at the nearest area to where the shear load
applying.
In the shear process, the indentation may not be useful, due to indentation process the wires of cable will be loss
the weight and because of the localizing the stress in indented zone wires fail earlier than expected to be failed.
As a result of this visible phenomenon, indented cables experienced lower load also, lower displacement
compares to plain cable.
As a minor factor, the loss of weight in the indentation process can be another effect on the early failure in this
type of cable bolts. Although the weight loss is approximately between 2-10% of cable‘s weight, it can be
effective to loss of the cable strength by this process.
All performance of cable bolts has three steps to failure which including; elastic, strain softening and ending up
with failure.
These factors are playing an important role in the pre-tensioned and fully grouted cables, which are including;
the strength of blocks of concrete, the amount of load for pretension, the angle of failure and the angle of failure.
The peak shear load of the plain cable was a higher level of load than indented cable at the same pretension load
for both types of cables.
Barrel and wages are playing an important role to control the cable from debonding and there was no report of
this debonding in these series of tests in the DS Naj box.
By increasing the pretension load in the double shear machine without appropriate confinement results are led to
greater displacement and this causes to have greater tensile failure instead of shear failure. As a result,
confinement plays an important role to have a pure shear failure.
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6 Chapter 6
Conclusion and Recommendation
6.1

Load transfer behaviour of cable bolts in pull testing

The main conclusion from the pull tests are;
Investigation on cable bolts behaviour needs a suitable apparatus for simulation of underground situation and
requires an efficient instrument. In all former studies and results which conducted by (Hagan et al., 2015) and
(Thomas, 2012) and mentioned them in their report ,there was a lack of an appropriate instrument for testing
cable bolts, also notable amount of wastage for preparing on specimen for stimulating the underground
conditions. The ability of cable bolts in transferring load impacts directly on by many changeful factors. These
variables are including; water to cement ratio, curing time of grout, and length of embedment. In these series of
tests only the effect of water to cement ratio were investigated for the multi wire cable Minova (25mm) and the
embedment length and curing age have remained constant. Two types of cable bolts were employed which are
including plain cable (SUMO, 28 mm), spiral cable (MW9 indented, 31 mm) to investigate the effect of
indentation on behaviour of load capacity of cable bolts. MASEA and MDLSETA apparatus machines were
used for these series of tests. The fundamental characteristics of spiral and plain and multi-wire cable bolts
depicted, emphasizing the dissimilarity in peak loading and the displacement location also the maximum bond
strength to which this occurs. All results are demonstrated in the graphs to have better understanding of resisting
forces regards to corresponding displacement. The following results can be summarized:


There was much greater peak load in indented cable than spiral and multi-wire cable bolts. As a result,
the profile surface of cable is plays an important role to the load transfer capacity.(Aziz et al., 2016b)



Lower water cement ratio leads to higher stiffness in grout, this causes increase in shear strength and
consequently, the load transfer of whole system will be improved.



Prevention of rotation in MASEA apparatus by using anti-rotation sleeves in pull out test leads to ideal
load/displacement graph outcome.



It was found that the MDLSETA machine needs some modification in the failure during the test that
causes rotation the machine under INSTRON machine as well as prevention of failure between grout
interface and indented cable bolts because of their low displacement before reaching the peak load and
then decreasing the amount of load.



From the obtained result, it was clear that the bond strength increases by increasing the embedment
length.



Anti-rotation sleeve in MDLSETA is not capable prevent the rotation during the pull out test. The
borehole diameter cannot produce sufficient interlock between grout and internal sleeve. As a
recommendation, if the grooves of the sleeves are machined to achieve a deeper notch and create a
better interlocking between grout and cable surface as well as sleeves, the same scenario happened for
MASEA and it enlarged in this series of tests and used.
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By comparing the behaviour of plain and indented cable when subjected to different w/c ratio, it is
clear that the indented cables obtained higher peak load than plain cables and the peak load of them
was at the lower displacement. After peak load point for plain cables the bearing capacity reduces for a
considerable time and reduced until 75-85mm of displacement, whereas, bearing capacity for spiral
cables reduced suddenly at the displacement of 4-8mm. this was highlighted during the studies which
were conducted by (Thomas, 2012).



Regarding to relationship of 𝐾𝑏𝑜𝑛𝑑

and thickness of grout in pull out test, it was found that by

increasing the thickness of grout the𝐾𝑏𝑜𝑛𝑑 , decreased. The optimum thickness of the grout for grouting
cable bolts should be in the order of between 2-4 mm as reported by (Aziz et al., 2003).


All Minova cables show a lower pull out force compare to other cables (MW9 and SUMO). A possible
reason for this phenomenon can be attributed to cables profile and structure. The cable consists of
many small wires and this makes the surface of the cable a little smooth. Also, strands are reinforced
internally with plastic layers that cause to strands slide against each other.



The most important thing that came out from the results, was the credibility of using the MASEA
apparatus and anti-rotation sleeve as an effective pull testing device. Because of the similarity, the
results with the previous studied conducted by (Thomas, 2012) also (Hagan et al., 2015) including the
load displacement and bond strength. The use of steel sleeves are suitable substitute for other materials
such as sands stone and other types of rock.

6.2

Shear behaviour of cable bolts in double shear testing (MKIV)

Shear testing of cable bolts by different methods resulted in different outcomes. Double shear machine as
reported by (Aziz et al., 2015b, Aziz et al., 2016c, Aziz et al., 2014, Aziz et al., 2016a) and tested by using
concrete of varied strength. Tests showed that the profile condition as well as strand’s surface has an impact on
load transfer characteristics.
The cable wire failure takes place when wires are subjected to excessive bending and stretching, as they are
vertical sheared. The topside wires would snap in a combination of tension and tensile shear, while, on the other
side, the cable strand wires, undergo tensile shear. Usually, the initial failure happens where the shear load
applying. In the shear process, the indentation may not be useful, due to indentation process, the wires of cable
will be loss the weight and because of the localizing, the stress in indented zone wires fail earlier than they
expected to be failed. As a result of this visible phenomenon, indented cables experienced lower load also, lower
displacement compares to plain cable. By increasing the pretension load in the double shear rig without
appropriate confinement results may lead to greater shear displacement and this causes increased tensile failure
instead of shear failure. As a result, confinement plays an important role to have a pure shear failure. Barrel and
wages are playing an important role to control the cable from debonding and there was no report of this
debonding in these series of tests in the DS Naj box.
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8 Appendix:
Results from double shear box (MKIV)
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Results of water cement ratio of 0.45 for Minova (multi-wire cable)
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Results of water cement ratio of 0.45 for Minova (multi-wire cable)
Orica’s patented Startabinder HS:
One the high strength cement anchorage grout, which is currently use in the Australian’s mines for filling the
bottom up the cables and strata reinforcement. This grout powder has outstanding pump ability and it can
reached to its strength in a short time (DS 2014).
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